Abstract: This study aims to elucidate the level of DNA methylation in urothelial carcinomas (UCs) using 5-methylcytosine (5-MeC) immunohistochemistry (IHC). We examined the relationship among 5-MeC levels, DNA (cytosine-5)-methyltransferase 1 (DNMT1)
immunostaining levels, and clinicopathologic features. Tissue samples included 23 normal urothelia and 150 urothelial neoplasia, which comprised 40 non-invasive and 110 invasive UCs. The levels of 5-MeC and DNMT1 were assessed based on their immunoreactivities and then divided into low and high levels. In addition, we collected information on clinical variables, pathologic features, and recurrent status from patient questionnaires and medical records. Chi-square test and multivariate logistic regression model were used for analyses. Results showed that 5-MeC levels were positively associated with DNMT1 levels in UC (p = 0.0288). Both 5-MeC and DNMT1 were low in approximately 50% (76/150) of UC. The percentage of low 5-MeC levels was higher in invasive UC (65/110; 59%) than in normal urothelia (2/23; 13%) and non-invasive UC (18/40; 45%). Clinical factors were independently associated with low 5-MeC levels after adjusting for age and sex, including cancer stages II-IV, presence of UC in situ, and marked inflammation. Low 5-MeC levels in stage I invasive UC were not significantly different from those of non-invasive tumors (p = 0.8478). Low DNMT1 levels were only associated with UC with squamous differentiation (p = 0.0365). Neither 5-MeC nor DNMT1 levels were associated with UC recurrence. In conclusion, a low 5-MeC level could predict the progression of UC invasion into muscle.
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Introduction
Urothelial carcinomas (UCs) are exclusively derived from the urothelium throughout the urinary tract, including the renal pelvis, ureter, urinary bladder, and urethra. The urinary bladder is the most common site, with the main environmental risk factors being cigarette smoking, occupational exposure to aromatic amines, chlorinated hydrocarbons, and inorganic arsenic from drinking water [1] . The possible mechanisms of carcinogenesis, such as chromosomal aberrations, aberrant DNA methylation, and loss of function of p53 or other tumor suppression genes, have been previously investigated [1] .
DNA methylation is a natural modification that requires the addition of a methyl group to the 5' position of the cytosine ring in the context of CpG dinucleotides to form 5-methylcytosine (5-MeC). Regional DNA hypermethylation and global DNA hypomethylation have been reportedly linked with human carcinogenesis [2] [3] [4] [5] . Regional DNA hypermethylation in the promoter region and decreased expression of tumor suppressor genes, such as p16 and E-cadherin, have been reported in UC [6, 7] . Increased levels of genome-wide DNA methylation in relation to poor prognosis have been explored in UC [4] . Additionally, DNA (cytosine-5) methyltransferase 1 (DNMT1) is an enzyme responsible for maintaining methylation patterns [5] . The correlation of increased DNMT1 mRNA and protein expression with increased DNA methylation on CpG islands has been reported in Epstein-Barr virus-associated gastric cancers and UC [8, 9] .
DNA hypomethylation could result in genetic instability because of alterations in the chromatin structure; this instability could be considered as an early biomarker of human carcinogenesis [10] [11] [12] [13] .
Compared with corresponding non-tumor tissues, DNA hypomethylation has been detected in precancerous conditions and cancers of the colorectum, stomach, and prostate, suggesting that global DNA hypomethylation may occur at the precancerous stage [10, 12, 13] . A large case-control study has revealed that DNA hypomethylation is associated with increased risk for developing bladder cancer [14] . DNA hypomethylation could also be a prognostic factor when patients have pT1a renal cell carcinomas [15] . However, the relationship among DNA methylation levels, DNMT1 level, and clinicopathologic features of UC has not been reported to date.
Global DNA methylation assays, which are used to detect the global DNA methylation level in tissue samples or peripheral blood, include capillary electrophoresis and mass spectrometry, gas chromatography-mass spectrometry, methyl group acceptance assay, immunohistochemistry (IHC), and CpGlobal assay [16] [17] [18] [19] . Among the assays, 5-MeC IHC is the most convenient and quickest test for tissue samples. In this study, we examined the level of DNA methylation in UC using 5-MeC IHC. We also examined the association between 5-MeC levels and DNMT1 immunostaining levels, as well as that between 5-MeC levels and clinicopathologic features. Data generated from this study provide evidence that low 5-MeC could predict the progression of UC invasion into the muscle.
Results and Discussion

Study Subjects
The 150 UC samples included 65 males and 85 females. Their ages ranged from 26 to 87 years with a median of 68 years (Table 1) . Most UCs were invasive (including 108 invasive UCs and two small cell carcinomas), high grade, and located at the upper urinary tract. Stage 0 UC accounted for 26.6%, stage I for 28.0%, and stages II-IV for 45.4% of the total samples. Moreover, 40.0% of the UC samples showed subjacent UC in situ (UIS). Subjacent UIS was described as a status of invasive UC concomitant with UIS. Approximately 14.7% (22/150) of UC samples showed marked inflammation. Inflammation was defined as the inflammatory background within the tumors, and its severity was quantified by the increasing amounts of lymphoplasmacytic infiltrates: none, + (mild), ++ (moderate), and +++ (severe with lymphoid aggregates). Other detailed clinical features are presented in Table 1 . H-Score, representative of the staining intensity and described in "Experimental Section"; 5-MeC, 5-methylocytosine; DNMT1, DNA (cytosine-5)-methyltransferase 1; 0a, noninvasive papillary carcinoma; 0is, carcinoma in situ; UIS, urothelial carcinoma in situ; UC, urothelial carcinoma; Subjacent UC in situ is described as a status of invasive UC concomitant with UC in situ; Inflammation is defined as tumor stromal inflammation, and its severity is quantified as none, + (mild), ++ (moderate), and +++ (severe with lymphoid aggregates); Tumor with squamous (SD) or glandular differentiation (GD) is defined as a case of more than 10% of cancer cells having squamous or glandular differentiation; Lymphovascular invasion (LVI) is defined as cancer emboli present in lymphovascular channels; Perineural invasion (PNI) is defined as cancer cells invading nerve bundles.
Correlation of 5-MeC and DNMT1 Levels
Levels of 5-MeC and DNMT1 for UC are shown in Table 1 . The mean basal levels (H-scores) of 5-MeC and DNMT1 in normal urothelia were used as cut-off values ( Figure 1) ; then, a total of UC samples were categorized into low and high levels of 5-MeC or DNMT1 according to H-scores ( Figure 2 ). 
Relationship among 5-Methylocytosine (5-MeC) Level, Clinicopathologic Features, and Urothelial Carcinomas (UC) Recurrence
Statistical analyses in Tables 3 and 4 demonstrate that females, cancer stages II-IV, ureteral UC, subjacent UIS, and marked inflammation were independently associated with low 5-MeC level. No association of low 5-MeC level was found with age, smoking history, tumor grade, and tumor recurrence. Stage I invasive UC was not significantly different from non-invasive tumors (p = 0.8478, multivariate logistic regression, Table 4 ). The pathological features, including squamous differentiation (SD), glandular differentiation (GD), lymphovascular invasion (LVI), and perineural invasion (PNI), were also not associated with low 5-MeC level. SD or GD was defined as the case in which more than 10% of UC cells presented SD or GD. LVI and PNI were used to describe the case in which cancer emboli were present in lymphovascular channels and cancer cells invaded nerve bundles, respectively. For DNMT1 levels, a low level was only associated with UC with SD (p = 0.0365, chi-square test, Table 3 ). No other independent associations were observed between DNMT1 level and either clinical or pathological features (Table 4) . Sixteen patients with UC showed local or distant recurrences of tumor. The mean recurrence-free interval was 3044 ± 107 day for patients with low 5-MeC cancers and 3100 ± 163 day for those with high 5-MeC cancers (p = 0.610, log-rank test). The mean recurrence-free interval was 3171 ± 103 day for patients with low DNMT1 cancers and 2467 ± 162 day for those with high DNMT1 cancers (p = 0.879, log-rank test). Therefore, the levels of 5-MeC or DNMT1 did not affect recurrence-free survival for patients with UC in this cohort.
Discussion
This study was the first to evaluate the relationships among 5-MeC levels, DNMT1 levels, and clinicopathologic features using IHC in UC samples. Results showed that low 5-MeC samples were more common in invasive UC than in normal urothelia and non-invasive UC. Low 5-MeC levels were significantly associated with cancer stages II-IV, presence of UIS, and UC with severe inflammation. The 5-MeC levels of stage I invasive UC were not significantly different from those of non-invasive tumors. These findings may imply that low 5-MeC could predict the progression of UC invasion into muscle.
Genetic studies linked to tumor histology, grading, and invasiveness of UC were separated into two genomic subgroups: chromosomally stable tumors associated with fibroblast growth factor receptor 3 (FGFR3) mutations and non-invasive UC and chromosomally unstable tumors associated with p53 mutations, chromosome 9 abnormalities, and muscle-invasive UC [20] . No evidence proves that a link exists between global DNA hypomethylation and p53 or FGFR3 epigenetics in UC. Although the precise reason for DNA hypomethylation remains unknown, the loss of DNMTs is considered an important factor [21] . Animal models of DNMT1 knockout mice have demonstrated that the lack of DNMT1 activity is associated with decreased genomic methylation level and increased frequency of cancer formation through chromosomal abnormality and instability [5] . Some in vitro assays that were consistent with the results of animal studies showed lower expressions of DNMT1 mRNA and protein in UC cells than in normal cell lines [22] , as well as a strong correlation of chromosome instability, such as loss of heterozygosity of chromosome 9 [23] . DNMT3b has been also found to be involved in DNA hypomethylation in the pericentromeric satellite region [4] . In addition, inflammation could affect DNMT expression [4, 24, 25] . In inflammation-associated carcinogenesis, hepatocellular carcinoma, pancreatic cancer, and virus-related gastric cancer all reveal a positive association between DNMT1 expression and level of regional DNA methylation [4] . Moreover, the different cytokines inducing variable expressions of DNMT1 have been studied in different inflammatory diseases [24, 25] . For example, proinflammatory cytokine IL-1 decreased DNMT1 mRNA and protein expression in rheumatoid arthritis synoviocytes, suggesting that chronic IL-1 exposure could be a DNMT inhibitor. By contrast, IL-6 increased DNMT1 expression involving gene silencing in colon cancer cells. These cytokine studies could provide a possible explanation for the finding that DNMT1 level is unrelated to inflammation status in UC samples.
In addition to loss of DNMTs, several factors are believed to be involved in a low-5-MeC process. Oxidative stress is linked to the production of free radical adducts that induce alterations of DNA methylation level and DNA integrity [26] . Folate functions in one-carbon metabolisms influence methyl groups and the methylation process [2, 27] . A study revealed that folate deficiency is associated with oxidative DNA damage and global DNA hypomethylation in workers chronically exposed to chromate [28] . A similar finding on human colon cells showed that folate depletion induces global DNA hypomethylation, including that in the p53 region. Taken together, types of DNMT, status of disease inflammation, actions of cytokines and environmental or nutritious effects might involve, at least partially, the DNA methylation directly or indirectly.
Long interspersed nuclear element-1 (LINE-1) gene comprises 17% of the total human genome and is one of the most studied sequences for DNA methylation [29] . Therefore, the methylation level of the LINE-1 gene is a proxy of global DNA methylation. Van Bemmel et al. investigated global methylation levels in UC samples by detecting the LINE-1 gene and found decreasing methylation levels in the order of non-tumor urothelia, non-invasive UC, and invasive UC [30] . Seifert et al. used IHC in exfoliative urothelial cells in the urine of UC patients and found a lower DNA methylation level compared with that in healthy individuals [31] . Their results are comparable to our findings using the IHC in UC tissues. To facilitate a comparison with our experiment, we assessed the DNA methylation level by using imaging software to account for the H-scores and to avoid bias from inter-individuals and subjective interpretation. We also used phosphate and IgG controls to examine the specificity of the primary and secondary antibodies. Although the DNA methylation levels evaluated by the IHC method could be relative and not actual levels of DNA methylation, Hernandez-Blazquez et al. investigated the IHC pattern and intensity of 5-MeC in colonic cancers and found that the IHC method is feasible and could provide information on levels of DNA methylation [32] .
Some limitations of this study have to be discussed. The normal urothelium microarray was commercial, and the sample size was too small to increase statistical power. The mean basal level of 5-MeC was obtained from normal urothelia. The human tissues used in the IHC were obtained from individuals who underwent invasive procedures; thus, IHC is difficult to apply to a general population.
Experimental Section
Ethics Statement
One normal urothelium microarray including 23 tissue cores and four UC microarrays comprising 150 tissue cores were used. The normal urothelium microarray was purchased from US Biomax, Inc. (Rockville, MD, USA). The UC samples on the tissue microarrays were collected from the Department of Pathology, China Medical University Hospital (CMUH), between 2005 and 2012. All tumor histologies and grades were confirmed by a pathologist. This study was approved by the Institutional Review Board at CMUH, Taiwan (DMR100-IRB-262).
Clinical and Pathological Features
Clinical features included age, gender, smoking history, tumor location, tumor type, tumor grade, cancer stage, date of tumor recurrence, and pathological features, such as subjacent UIS, inflammation, tumor with SD, tumor with GD, and tumor with LVI or PNI. Data were acquired from medical records or pathology reports of patients.
Smoking history was recorded as "never" or "ever". "Never" smoking history referred to subjects who have never smoked. Individuals who currently smoke or had smoked were designated as "ever". The tumor locations comprised the renal pelvis, ureter, and urinary bladder. The tumor type and grade were diagnosed according to the criteria set by the World Health Organization. The UC samples were staged into 0a, 0is, and I to IV according to the tumor node metastasis criteria outlined in the American Joint Committee on Cancer Staging Manual. Stage 0a was pTaN0M0, indicating the non-invasive papillary UC. Stage 0is was pTisN0M0, indicating the UIS. Tumor recurrence was a local recurrence either in situ or in the urinary bladder or upper urinary tract, with distant metastasis. The recurrence-free duration was defined as the interval between the date of initial tumor diagnosis and the date of first recurrence as confirmed by pathological examination.
5-MeC and DNA (Cytosine-5)-Methyltransferase 1 (DNMT1) Immunohistochemistry
Tissue microarray sections (4 μm thick) were dewaxed with xylene, rehydrated with serially decreased concentrations of alcohol, and bathed in a phosphate buffer. Primary specific antibodies included 5-MeC (1:500 dilution; Calbiochem, Darmstadt, Germany) and DNMT1 (1:200 dilution; Calbiochem, Darmstadt, Germany). Secondary antibody conjugated to a peroxidase-labeled polymer was purchased from Thermo Fisher (UltraVision Quanto Detection System; Thermo Fisher Scientific, Cheshire, UK). The sections were counterstained with hematoxylin. Mouse serum and phosphate buffer, rather than primary antibodies, were used as negative controls. Positive controls were normal urothelia for 5-MeC and DNMT1 IHC (Figure 1 ).
Assessments for 5-MeC and DNMT1 Immunoreactivities
The 5-MeC-or DNMT1-positive cells presented a brown color and were localized at the nuclei and/or cytoplasm of the normal urothelia and urothelial cancer cells. The interstitial stroma exhibited 5-MeC and DNMT1 immunonegativity. H-scoring system was used to assess staining intensity by employing imaging software (Aperio Technologies Inc., Vista, CA, USA) to obtain an objective evaluation and avoid subjective interpretation. The grades of staining intensity were four-tiered as follows: 0, negative staining; 1, weak staining; 2, medium staining; and 3, strong staining. The H-score represented the sum of the mean value in each grade multiplied by the proportion of positive cells for each tissue core (Figure 3) . The normal urothelia showed the basal levels of 5-MeC and DNMT1. The mean basal levels (H-scores) of 5-MeC and DNMT1 in normal urothelial samples were 135.6 ± 30.8 and 183.3 ± 1.8, respectively. The cut-off values of 106 for 5-MeC level and 181 for DNMT1 level were considered as the 50th percentiles of the basal levels to distinguish high and low levels, respectively. UC values greater than 106 or 181 of the H-score were considered high 5-MeC or DNMT1 cancers; conversely, UC values less than or equal to 106 or 181 were considered low 5-MeC or DNMT1 cancers (Figure 2 ).
Statistical Analysis
Descriptive statistics was used to calculate the mean, standard deviation, frequency of all clinical and pathological features, and H-scores. Associations between category variables and expression patterns of 5-MeC and DNMT1 (high/low) were examined using the chi-square test. The odds ratios and 95% confidence intervals of low 5-MeC or low DNMT1 levels for UC were estimated using multivariate logistic regression models after adjusting for age and sex. Kaplan-Meier estimates and log-rank test were used to determine the recurrence-free survival time and to compare the differences in survival between low and high 5-MeC and DNMT1 levels. Two-sided p value less than 0.05 was considered significant. The analyses were conducted using SAS statistical package (SAS, version 8.0, Cary, NC, USA).
Conclusions
Low 5-MeC levels were identified in stages II-IV UC rather than in non-invasive or stage I UC. Thus, a low 5-MeC level could predict the progression of tumor invasion into muscle. 5-MeC IHC is an alternative method for determining DNA methylation levels in tissue samples.
